We report a novel localized amyloidosis associated with lactoferrin. To elucidate the precursor protein of corneal amyloidosis associated with trichiasis, we analyzed amyloid deposits from three patients by histopathology and biochemistry. Amyloid deposits showed immunoreactivity, confirmed by electron microscopy, for only anti-human lactoferrin antibody. Electrophoresis of amyloid fibrils revealed lactoferrin with and without sugar chains; N-terminal sequence analysis revealed full-length lactoferrin and a truncated tripeptide of N-terminal amino acids, Gly-Arg-Arg. Carboxymethylated wild-type lactoferrin formed amyloid fibrils in vitro. Lactoferrin gene analysis in the three patients revealed a Glu561Asp mutation in all of the patients and a compound heterozygote of Ala11Thr and Glu561Asp mutations in one patient. A heterozygotic Glu561Asp mutation appeared in 44.8% of healthy Japanese volunteers, suggesting that the mutation may not be an essential mutation for amyloid formation (p ϭ 0.104). Results thus suggest that lactoferrin is this precursor protein. (Lab Invest 2002, 82:757-765).
A myloidosis is a disorder of protein metabolism in which normally soluble autologous proteins are deposited in tissues as abnormal insoluble fibrils that cause structural and functional disruptions (Benson, 1995; Kelly, 1998; Tan and Pepys, 1994) . They are usually characterized by an extracellular deposition of amyloid in various tissues and are classified as localized or systemic amyloidoses (Benson, 1995; Benson and Uemichi, 1996; Tan and Pepys, 1994) . Progress in molecular genetics and biochemical methodologies has led to identification of various types of amyloidoses and their amyloidogenic precursor proteins (Benson, 1995; Benson and Uemichi, 1996; Kelly, 1998; Tan and Pepys, 1994) . However, the mechanism of formation of amyloid fibrils in tissues remains to be elucidated for all types of amyloidosis, although evidence has been provided for several possible hypotheses (Ando et al, 1997b; Colon et al, 1996; Goldsteins et al, 1999; Miyata et al, 1996; Pepys et al, 1994; Quintas et al, 1997; Tennent et al, 1995) .
Ocular tissues are one type of tissue in which several different types of amyloid precursor proteins deposit as amyloid fibrils (Lee et al, 2000; Nelson et al, 1999) . Most of these amyloid precursor proteins have been identified for systemic amyloidoses in ocular tissues (Ando et al, 1997a; Campos et al, 1980; Ratnakar and Mohan, 1976; Rodrigues and Zimmerman, 1971; Sandgren, 1995) . At least four varieties of lattice corneal dystrophy and gelatinous drop-like corneal dystrophy are classified as hereditary corneal amyloidosis (Gorevic et al, 1991; Klintworth et al, 1997; Nishida et al, 1999) . The precursor protein of amyloid fibrils in the former disorder is mutant gelsolin, which induces systemic disorders as well as corneal amyloidosis; in the latter, the precursor protein of the amyloid remains unknown. Although lactoferrin was isolated from corneas with gelatinous drop-like corneal dystrophy (familial subepithelial corneal amyloidosis) (Klintworth et al, 1997) , the lactoferrin gene mutation is not associated with this hereditary disease (Klintworth et al, 1997; Tsujikawa et al, 1999) and suggests that lactoferrin is only a colocalizing protein of the amyloid deposits.
Secondary corneal amyloidosis has been reported in cases of keratoconus, trachoma, phlyctenular keratitis, bullous keratopathy, interstitial keratitis, syphilis, and trichiasis (Aso and Wakakura, 2000; Dutt et al, 1992; Hill et al, 1990; Kigasawa et al, 1996; Watts and Frank, 1989) . Although amyloid deposits have been identified with possible colocalization of several proteins, the precursor protein of the amyloid deposits remains unidentified (Janssen et al, 1985; Kigasawa et al, 1996) . Thus, the pathogenesis of secondary corneal amyloidosis has not yet been elucidated.
We studied three patients with a novel corneal amyloidosis associated with trichiasis. Of the few proteins tested by immunohistochemistry, only lactoferrin and serum amyloid P component (SAP) were colocalized; other possible antibodies for amyloid precursor proteins did not react with the amyloid deposits. Thus, we examined amyloidogeneity of lactoferrin in vitro by biochemical and electron microscopic methods. To analyze a possible mutation in the lactoferrin gene, DNA of one patient was analyzed by molecular genetic methods.
Results

Histochemical Analyses of Biopsied Corneal Samples
Studies of biopsied corneal samples with Congo red stain revealed positive staining just under the corneal epithelial cells that extended into the stroma (Fig. 1, a and b) . Neither vascularization nor infiltration of inflammatory cells was observed. Immunoreactivity of anti-human-lactoferrin antibodies was recognized in all tissues with positive Congo red staining (Fig. 1c) . In and around the amyloid deposits, no inflammatory cells were recognized. Other antibodies, such as polyclonal anti-human transthyretin, anti-human kappa, lambda light chain, antihuman lysozyme antibodies, and monoclonal antihuman-AA and anti-human-keratin antibodies, showed no immunoreactivity for the amyloid deposits. Specificity controls were obtained by preincubating the anti-human-lactoferrin antibody with lactoferrin (1 to 10 g/ml) (El-Salhy and Suhr, 1996) . Replacing the primary antiserum with albumin or nonimmune serum eliminated the staining.
Electron Microscopic Analyses
Electron microscopic analyses revealed that amyloid deposits in the tissues were seen as gently curved, nonbranching fibrils 12 to 14 nm wide (Fig. 2a) . They were composed of successive subunits 3 nm in diameter. After immunolabeling, electron microscopic studies were performed. Gold particles were localized predominantly over amyloid fibrils (Fig. 2b) .
SDS-PAGE after Immunoprecipitation
Immunoprecipitated amyloid fibrils with anti-human lactoferrin antibody of a 30-year-old male patient's sample were found to migrate as two bands in SDS-PAGE. By comparison with molecular size markers, sizes of 78.6 kDa for Band A and 81.9 kDa for Band B were obtained (Fig. 3) .
N-Terminal Sequence Analysis
N-terminal amino acid sequence analysis for the sample electrotransferred onto poly(vinylidene fluoride) (PVDF) membrane revealed that both bands were composed of two kinds of isoforms. For Band A, shown in Figure 3 , an intact form of lactoferrin and an N-terminal tripeptide (Gly-Arg-Arg), a truncated form of lactoferrin, were confirmed (Table 1) , in an approximate proportion of 1:2. Results for Band B were identical to those for Band A.
Amyloid Fibril Synthesis In Vitro
To examine whether lactoferrin forms amyloid fibrils in vitro, we used the thioflavin T binding assay with wild-type lactoferrin and carboxymethylated lactoferrin. Wild-type lactoferrin did not induce amyloid formation under any conditions. However, carboxymethylated lactoferrin formed amyloid fibrils in the aging solution (Fig. 4a) , and this process was accelerated in PBS (-) buffer, pH 7.4.
Electron Microscopic Analyses of Synthesized Amyloid Fibrils
Electron microscopy was used to confirm the results of the thioflavin T binding assay. Straight and nonbranching filaments, 9 nm wide, were observed (Fig. 4b) . 
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Circular Dichroism (CD) Spectra
In the far-UV region (200 to 240 nm), the CD spectra of wild-type lactoferrin and carboxymethylated lactoferrin in PBS (-) buffer were distinguishable, as shown in Figure 4c . According to the k2d program (Andrade et al, 1993; Merelo et al, 1994) , wild-type lactoferrin contained 29% ␣-helix, 36% ␤-sheet, and 36% random coil. Carboxymethylated lactoferrin contained 26% ␣-helix, 17% ␤-sheet, and 58% random coil: the ␤-sheet content decreased but random coil content increased. Carboxymethylated lactoferrin incubated for 2 days at 37°C contained 9% ␣-helix, 35% ␤-sheet, and 55% random coil, whereas that incubated for 7 days at 37°C contained 8% ␣-helix, 43% ␤-sheet, and 50% random coil (Fig. 4c) . No change in the conformation of wild-type lactoferrin was observed during incubation.
Analyses of the Lactoferrin Gene in a Patient with Corneal Amyloidosis
Single-strand conformation polymorphism (SSCP) analyses revealed abnormally migrating bands in exon 2, 9, 10, and 15 in a 30-year-old male patient, and exon 15 in the other two patients, respectively. Direct sequencing using exon 2, 9, 10, and 15 PCR products from the patient's DNA was performed to identify these mutations or polymorphisms. In exons 9 and 10, two polymorphisms were detected: a GTC (Val) to GTT (Val) substitution in codon 346 of exon 9 and a GGA (Gly) to GGG (Gly) substitution in codon 398 of exon 10. In exon 2 and 15, two mutations were detected: amino acid substitutions at codon 11 from GCC (Ala) to ACC (Thr) in the 30-year-old male patient and at codon 561 from GAG (Glu) to GAC (Asp) in all three patients. PCR-RFLP analysis, performed to confirm these mutations, revealed digestion bands (61 bp and 146 bp, and 158 bp and 28 bp) in addition to the normal band (207 bp and 186 bp), indicating that the 30-year-old male patient was a heterozygote with the lactoferrin Ala11Thr and Glu561Asp gene, and that the other two patients were a heterozygote for the lactoferrin Glu561Asp gene (Fig. 5) . PCR-RFLP for the parents of the 30-year-old male patient revealed that the father was a heterozygote of Ala11Thr and the mother was a heterozygote of Glu561Asp (Fig. 5) , indicating that the male patient was a compound heterozygote for the lactoferrin Ala11Thr and Glu561Asp gene.
The frequency of these mutations in Japanese volunteers was also determined by using PCR-RFLP. The frequency of genotype Ala/Thr ϩ/ϩ, Glu/Asp ϩ/ϩ, and Ala/Thr ϩ/ϩ plus Glu/Asp ϩ/ϩ was 34.2%, 44.8%, and 15.8%, respectively (Table 2) .
Discussion
We have demonstrated here that lactoferrin forms amyloid in the cornea in patients with lactoferrin SDS-PAGE of amyloid fibrils. A sample from a 30-year-old patient was subjected to SDS-PAGE, with 4% to 20% polyacrylamide gel. Lane 1, molecular size markers; Lane 2, amyloid fibrils. Band A, 78.6 kDa; Band B, 81.9 kDa.
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Laboratory Investigation • June 2002 • Volume 82 • Number 6 mutation. Lactoferrin is an iron-binding glycoprotein found in milk, in exocrine secretions of mammals, and in secondary granules from polymorphonuclear neutrophils (Baker et al, 1998 ). Among various antibodies tested, lactoferrin and SAP showed colocalization with amyloid deposits. SAP is a well-known colocalizing protein in most amyloidosis. Electron microscopy confirmed the presence of amyloid fibrils, and immunoreactivity of anti-lactoferrin antibody was observed in immunolabeled material. Because most of the excised tissue was covered with amyloid, it was not difficult to extract amyloid fibrils. SDS-PAGE and N-terminal sequence analysis revealed that amyloid fibrils consisted of full-length lactoferrin and truncated lactoferrin with and without sugar chains. Four different isoforms of lactoferrin were found in the amyloid fibrils.
Because no lactoferrin is detected in plasma, and because no tissues except for lacrimal glands in and around the ocular tissues produce lactoferrin, the origin of lactoferrin formed in the amyloid fibrils may be tears from the lacrimal glands. Another possible origin of lactoferrin is polymorphonuclear leukocytes that migrate to the cornea, although we detected no 
To block the effect of Cys on the sequence analysis, pyridylethylation of Cys residues in the protein was performed (Kao and Chung, 1993 Detection of the lactoferrin Ala11Thr and Glu561Asp gene by PCR-RFLP. PCR-RFLP analyses for (a) Ala11Thr and (b) Glu561Asp using ApaLI and AatII, respectively, as described in the text. M: 100 bp DNA ladder size marker; Lane 1: the proband (30-year-old man); 2: father; 3: mother; 4: the younger brother; 5: the younger sister; 6: healthy controls; 7: other patient (41-year-old woman); and 8: other patient (67-year-old woman).
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inflammatory cells in the biopsied materials. During repeated stimulation of the cornea by trichiasis, there is a slight possibility that lactoferrin may originate from cells that migrate to the lesions. We examined the possibility of amyloid fibril formation by wild-type lactoferrin in vitro. Wild-type lactoferrin could not form amyloid fibrils, as shown in Figure  4 , although modified lactoferrin could. This suggests that lactoferrin, like other amyloid precursor proteins (Kelly, 1998; Serpell et al, 1997; Sunde and Blake, 1997) , cannot form amyloid fibrils without conformational changes. In fact, CD analysis revealed that in the far-UV region (200 to 240 nm), where the CD spectrum depends directly on protein conformation (Sparrow et al, 1992) , the spectra of the carboxymethylated lactoferrin were different from those of the wild-type lactoferrin (Kao and Chung, 1993) . As indicated in Figure  4c , the longer incubation of carboxymethylated lactoferrin induced a progressively dynamic conformational change: ␤-sheet content increased and ␣-helix content decreased in a time-dependent manner. The conformation of wild-type lactoferrin did not change during incubation. It is widely believed that precursor proteins of various types of amyloidosis tend to have abundant ␤-sheet structures (Sparrow et al, 1992; Sunde and Blake, 1997) . However, a few proteins that do not have a rich ␤-sheet structure also form amyloid fibrils (Jonas et al, 1993) . As demonstrated in this case, those proteins can proceed to amyloid formation if conformational change is induced.
Lactoferrin consists of a single polypeptide chain with a molecular size of 78.3 kDa, 693 amino acid residues, and limited glycosylation (Karthikeyan et al, 1999; Singh, 1999a, 1999b) . As in the other hereditary amyloidosis, it may be that mutant lactoferrin can form amyloid fibrils. It has been well documented that mutant amyloidogenic proteins show conformational changes, which increases amyloid formation ability (Benson and Uemichi, 1996; Kelly, 1998) . The same may be true for the mutant lactoferrin. However, patients examined previously had neither family history nor corneal changes typical of those diseases (Klintworth et al, 1997) , whereas one amino acid substitution in lactoferrin Glu561Asp was detected in all patients examined. It is possible to consider that the Glu561Asp mutation may be strongly related to the corneal amyloidosis. However, lactoferrin gene analysis for 38 healthy volunteers revealed that the frequency of genotype Ala/Thr ϩ/ϩ, Glu/Asp ϩ/ϩ, and Ala/Thr ϩ/ϩ plus Glu/Asp ϩ/ϩ was 34.2%, 44.8%, and 15.8%, respectively (Table 2) . Statistical analyses revealed no significance of the mutation on the corneal lactoferrin amyloidosis (p ϭ 0.104), suggesting that the mutation of lactoferrin may not be an essential mutation for amyloid formation. However, there is a possibility that this mutation of lactoferrin Glu561Asp may be more susceptible to induce structural changes than wild-type lactoferrin during longlasting stimulation of the corneal surface by trichiasis.
In patients with lactoferrin amyloidosis, long-lasting stimulation of the corneal surface by trichiasis may alter the characteristics of the corneal surface and lactoferrin may remain on the cornea, which may lead to the structural changes of lactoferrin and thus to the formation of amyloid fibrils.
In summary, lactoferrin is produced in patients with corneal amyloidosis when trichiasis is an accompanying feature, and lactoferrin forms amyloid fibrils when conformational changes in lactoferrin occur. To confirm this hypothesis, we must examine more patients with corneal amyloidosis.
Materials and Methods
Patients
Patients were a 30-year-old man and 41-and 67-yearold women who suffered from trichiasis with a corneal mass for 3, 7, and 10 years, respectively. Slit lamp examination showed all corneal masses as white excrescences. Neurologic examination and blood analysis indicated no signs of amyloidosis, and no amyloid deposition was found by Congo red staining of a biopsy specimen of the gastric and duodenal mucosae. After informed consent of the patients was obtained, masses were excised and examined by light and electron microscopy.
Materials
Lactoferrin and polyclonal anti-human lactoferrin antibody, anti-human SAP antibody and other antibodies tested were purchased from Sigma Chemical (St. Louis, Missouri) and Dako (Carpinteria, California), respectively. Chemicals used in histochemical and biochemical studies were of analytical grade.
Congo Red Staining
For all specimens, formalin-fixed, paraffin-embedded sections were stained with hematoxylin-eosin and Congo red and were examined under polarized light for the presence of green birefringence.
Table 2. Frequency of Lactoferrin Genotypes in Japanese Volunteers
Codon 11 Ala (GCC)/Thr (ACC) Codon 561 Glu (GAG)/Asp (GAC) Number
ϩ, carrier of the gene; Ϫ, noncarrier of the gene. The frequency of the healthy volunteers carrying both Ala11Thr and Glu561Asp was 23.7% (15.8 ϩ 0 ϩ 7.9 ϩ 0 ϭ 23.7). 
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Immunohistochemical Analysis of Biopsy Specimens
Specimens were fixed in 4% buffered paraformaldehyde. Paraffin-embedded biopsy samples were serial cut at 4 m. For immunohistochemical demonstration of immunoreactivity for polyclonal anti-lactoferrin antibody in amyloid deposits, the avidin-biotin complex method was used (Dako, Glostrup, Denmark) according to the manufacture's instructions.
Preparation of Tissues for Electron Microscopy
Biopsied tissues were cut into small pieces of approximately 1 mm 3 and were fixed with 3% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4, for 2 hours at 4°C. The pieces were postfixed with 2% osmium tetroxide in the same buffer for 2 hours at 4°C. They were then dehydrated in graded alcohol and embedded in Epon. Ultra-thin sections 50 to 60 nm thick were stained with uranyl acetate and lead citrate and then were examined by use of the Hitachi 7000 electron microscope (Hitachi; Hitachi, Japan).
Immunolabeling of Biopsied Samples
Sections were collected on nickel grids coated with collodion. After grids were rinsed in 0.5% bovine serum albumin in PBS (100 mM, pH 7.4), they were transferred to a 1:500 dilution of anti-lactoferrin antibody (Dako, Carpinteria, California) for 24 hours at 4°C. The grids were then rinsed in PBS for 30 minutes and placed on drops of a 1:100 solution of protein A gold (5-nm gold particles) serum (British Biocell, Cardiff, United Kingdom). They were washed in PBS and stained with uranyl acetate and lead citrate and were analyzed by electron microscopy.
Sample Preparation for Analyses of Amyloid Fibrils
To extract amyloid fibrils in a biopsied sample from the 30-year-old man, the excised tissue was repeatedly (at least five times) homogenized in 0.15 M NaCl containing 0.05 M sodium citrate and centrifuged (Haggqvist et al, 1999) . After homogenization and centrifugation, the pellet was ultrasonicated (Branson 1200, Hartford, Connecticut) for 1 hour, after addition of 1% SDS, 150 mM NaCl, and 50 mM Tris-HCl, pH 7.4. Insoluble materials were collected by centrifugation at 50,000 ϫg (RPV-50T, Hitachi, Hitachi, Japan). The resulting pellet was stirred vigorously in the same buffer, and the procedure was repeated three times. The resulting pellet was washed with distilled water, suspended in 1 ml of distilled water, and centrifuged at 50,000 ϫg for 30 minutes. The final pellet was transferred to a glass tube and was extracted with 10 ml of 1,1,1,3,3,3,-hexafluoro-2-propanol (HFIP) for 30 minutes (24°C) on a shaker. The HFIP extract was filtered through a 1,000-kDa cutoff membrane (Pall Filtron, Northborough, Massachusetts) to remove coarse debris, and dried in a vacuum centrifuge. The obtained amyloid fibrils were ultrasonicated (Branson 1200) for 1 hour after addition of 20 l of 6 M guanidinehydrochloride. After ultrasonication, 500 l of 50 mM Tris-HCl and 50 l of polyclonal anti-human lactoferrin antibody were added and incubated overnight (final concentration, 226 mM guanidine-hydrochloride). The resulting precipitate was centrifuged at 9,000 ϫg for 5 minutes and washed two times with 100 l saline and 100 l water, respectively, at 4°C. The precipitate was dissolved in 50 l of 4% acetic acid and 4% acetonitrile in water and the solution was passed through a 1,000-KDa centrifugal concentrator (Pall Filtron) to separate the dissociated lactoferrin from the antibody into the pass-through fraction.
Electrophoresis after Immunoprecipitation
The pass-through fraction was dissolved in 9 M urea (100 l), heated in a boiling-water bath for 5 minutes, and then mixed with 50 l of sample buffer consisting of 0.3 M Tris-HCl at pH 8.6, 30% (vol/vol) glycerol, and 6% (wt/vol) 2-mercaptoethanol, after which it was subjected to SDS-PAGE using gradient polyacrylamide gel containing 5% to 20% SDS (Daiichi Pure Chemicals, Tokyo, Japan) (Lukacova et al, 1994) . The sample was electrotransferred and blotted onto PVDF membrane for 120 minutes. After this electrotransfer, the blots were stained with 0.1% Coomassie brilliant blue G-250 in 50% methanol/10% acetic acid and were destained with 50% methanol.
N-Terminal Sequence Analysis
N-terminal sequence analysis was performed on the bands stained by Coomassie brilliant blue G-250 by use of a gas-phase protein sequencer (Hewlett Packard, Palo Alto, California).
Amyloid Fibril Synthesis
Denatured lactoferrin was produced from the pure commercial protein by incubation in 10 M urea and 0.15 M dithioerythritol for 2 hours at 20°C. For carboxymethylation of the protein, the solution was treated with 0.4 M iodoacetic acid for 30 minutes at room temperature. The solution was then acidified to pH 3 by addition of 1 N HCl, dialyzed extensively against 0.1 M acetic acid at 4°C, and then freezedried. The resulting protein was stored in nitrogen at 20°C.
Carboxymethylated lactoferrin was solubilized by sonication in an appropriate aging solution (Kao and Chung, 1993) . The solution was centrifuged at 9,000 ϫg at 4°C to remove insoluble debris, and the supernatant was collected for experiments on amyloid formation. The protein content was measured by the BCA protein assay reagent (Pierce Chemical, Rockford, Illinois) and the samples were stored at Ϫ80°C until required. We analyzed lactoferrin by SDS-PAGE to confirm that this treatment resulted in no degradation of lactoferrin. Both wild-type lactoferrin and carboxymethylated lactoferrin were incubated in 50 mM CH 3 COONa, 100 mM KCl, pH 3.5 to 7.0, for examination of amyloid formation in vitro.
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Electron Microscopic Analyses
The sample containing synthesized lactoferrin filaments was centrifuged at 7,000 ϫg for 5 minutes; pellets were then suspended in 1 ml of distilled water. This process was repeated three times. A microdrop of the pellet resuspended in distilled water was placed on collodion-coated grids and was stained with 2% phophotungustic acid adjusted to pH 7.4. The specimens were examined by use of a Hitachi H7000 electron microscope (Hitachi) at an accelerating voltage of 100 kV.
Dye Binding Studies
Thioflavin T binding was measured with an emission fluorescence at 482 nm and with 450 nm as the excitation wavelength (LeVine, 1993) .
CD Measurements
CD spectra were obtained with a Jasco J-720 spectropolarimeter fitted with a 150-watt xenon lamp. Quartz cells with a 1-mm path length were used, and spectra were recorded in the far-UV region (200 to 240 nm) at a 5 nm/minute scanning speed and at room temperature. Three scans were averaged for each spectrum. The acquired spectra were corrected by subtracting the appropriate blank runs of PBS (-), pH 7.4, subjected to noise reduction analysis and presented as the mean molar ellipticity, using 691 as the number of amino acid residues. The final protein concentration was 100 g/ml. Secondary structure fractions of native lactoferrin and carboxymethylated lactoferrin were estimated by use of the k2d program (Andrade et al, 1993; Merelo et al, 1994) . This program determines the contributions of ␣-helix, ␤-sheet, and random coil.
